INTRODUCTION {#SEC1}
============

Despite their broad uses in life sciences, transient expression by plasmid-based expression systems has significant drawbacks. First, the transfer of plasmid DNA from the cytoplasm to the nucleus is a rate-limiting process in non-dividing cells. This limits efficient plasmid-based expression systems to dividing cells, in which this barrier is overcome by temporary disassembly of the nuclear membrane during mitosis ([@B1],[@B2]). Such limited transfer to the nucleus of exogenous DNA in quiescent cells is a potential drawback for the efficacy of non-viral gene therapy and DNA vaccination. Second, plasmid-based expression depends on host cell nuclear RNA polymerase II (polII), a moderately processive enzyme with a rate of elongation of 25 and 6 nucleotides/second *in vitro* and *in cellulo*, respectively ([@B3],[@B4]). Third, standard plasmid-based eukaryotic expression exploits the host cell transcriptional machinery and thereby competes with the host cell genome for transgene expression ([@B4]). Together, these challenges are thought to limit the efficacy of the standard eukaryotic expression systems.

To overcome these obstacles we introduce the C3P3-G1 expression system, which relies on two components: (i) an artificial chimeric enzyme having both 5′-capping and RNA synthesis activities and (ii) DNA templates that are specifically transcribed by the transduced enzyme and provide artificial polyadenylation. Once C3P3-G1 enzyme is expressed in the cytoplasm, capped and polyadenylated mRNAs are produced independently of the host cell transcription machinery. We present the first generation of the C3P3-G1 system (C3P3-G1), which was optimized for mammalian cells. This system shows promising results for transient expression in some mammalian cell lines including CHO-K1, while less efficient in other cell lines and therefore requiring further optimization.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids {#SEC2-1}
--------

Artificial gene sequences were synthesized and assembled from stepwise PCR using oligonucleotides, cloned and fully sequence verified by GeneArt AG (Regensburg, Germany). The coding sequences of the C3P3-G1 enzymes and all other constructions were optimized for expression in human cells with respect to codon adaptation index using the GeneOptimizer algorithm ([@B5]).

The C3P3-G1 enzyme sequences were subcloned into the pCMVScript plasmid backbone (Stratagene, La Jolla, CA, USA), following the removal of the T7 φ10 promoter sequence (i.e. the promoter commonly used in E. coli exogenous expression vectors, such as the pET series). All pCMV-C3P3-G1 plasmids and derivatives had the same design: IE1 promoter/enhancer from the human cytomegalovirus (CMV), 5′-untranslated region (5′-UTR), Kozak consensus sequence followed by the ORFs of the C3P3-G1 enzymes, 3′-untranslated region (3′-UTR), and SV40 polyadenylation signal. Substitution of the coding sequence components from the C3P3-G1 enzymes was enabled by digestion at endonuclease restriction enzyme sites of six nucleotides located between each domain of the coding sequences of the C3P3-G1 enzyme (i.e. NH~2~ terminus, upstream and downstream to the linker) and eight nucleotides immediately downstream to stop codon. The C3P3-G1 enzyme plasmids are identified by the different modules in the ORF of the C3P3-G1 enzyme downstream to the IE1 human CMV promoter/enhancer. For instance, NP868R-(G~4~S)~4~-K1ERNAP(R551S) designates the fusion of the NP868R capping enzyme with the mutant R551S K1E RNA polymerase through a (G~4~S)~4~ flexible linker.

Plasmids containing the Firefly Luciferase gene were used to optimize C3P3-G1 enzymes and DNA template sequences. They consist of a phage RNA polymerase promoter, variable 5′-UTR, Kozak consensus sequence followed by the ORF of the Luciferase gene from *Photinus pyralis* and stop codon, variable 3′-UTR, poly\[A\] track that was routinely of 40 adenosine residues, followed by a self-cleavage RNA sequence that was generally the genomic ribozyme sequence from the hepatitis D virus, and terminated by the bacteriophage T7 φ10 transcription stop. Restriction enzymatic sites were inserted between each motif of the luciferase plasmids to allow easy swapping of each motif by subcloning. The plasmids are identified by the corresponding ORF (e.g. Luciferase) preceded by the phage promoter (e.g. pT7φ10-Luciferase).

Plasmids used for comparison with the standard transient expression system consisted of the ORF under consideration subcloned in the commercial pCMVScript plasmid, e.g. pCMVScript-Luciferase. The resulting construction therefore contained the IE1 human CMV promoter/enhancer, Kozak consensus sequence followed by the ORF, and late SV40 polyadenylation signal.

Cell culture and transfection {#SEC2-2}
-----------------------------

For standard experiments, the Human Embryonic Kidney 293 (HEK-293, ATCC CRL 1573) and Chinese Hamster Ovary K1 (CHO-K1, ATCC CCL-61) were routinely grown at 37°C in 5% CO~2~ atmosphere at 100% relative humidity. Cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 4 mM [l]{.smallcaps}-alanyl-[l]{.smallcaps}-glutamine, 10% fetal bovine serum (FBS), 1% non-essential amino-acids, 1% sodium pyruvate, 1% penicillin and streptomycin and 0.25% fungizone.

Cells were routinely plated in 24-well plates at 1 × 10^5^ cells per well the day before transfection and transfected at 80% cell confluence. Transient transfection was performed with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer\'s recommendations, except when otherwise stated. For standard luciferase and hSEAP gene reporter expression assays, cells were analyzed 24 h after transfection.

Firefly luciferase and eSEAP gene reporter assays {#SEC2-3}
-------------------------------------------------

Luciferase luminescence was assayed by the Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer\'s recommendations. In brief, cells were lysed in Cell Culture Lysis Reagent buffer (CLR), and then centrifuged at 12 000 × g for 2 min at 4°C. Luciferase Assay Reagent (Promega; 100 μl/well) diluted at 1:10 for HEK-293 cells and 1:50 for CHO-K1 cells was added to supernatant (20 μl/well). Luminescence readout was taken on a Tristar 2 microplate reader (Berthold, Bad Wildbad, Germany) with a read time of one second per well for HEK-293 cells and 0.1 s for CHO-K1 cells.

In order to normalize for transfection efficacy, cells were transfected with the pORF-eSEAP plasmid (InvivoGen, San Diego, CA, USA), which encodes for the human secreted embryonic alkaline phosphatase driven by the EF-1α/HTLV composite promoter. Enzymatic activity was assayed in cell culture medium using the Quanti-Blue colorimetric enzyme assay kit (InvivoGen). Gene reporter expression was expressed as the ratio of luciferase luminescence (RLU; relative light units) to eSEAP absorbance (OD, optic density).

Semi-quantitative assessment of mRNA capping rate by tethered capping enzyme assay {#SEC2-4}
----------------------------------------------------------------------------------

For the semi-quantitative assessment of mRNA capping efficiency, we took advantage of the λ-phage N protein-boxB RNA interaction, which normally regulates antitermination during transcription of λ-phage mRNAs ([@B6]). The short N-terminal peptide of the λN protein mediates its binding to the 17 nucleotides boxB RNA hairpins at nanomolar affinity ([@B7]). The λN peptide was fused the N-terminus of the NP868R African swine fever virus capping enzyme, resulting in a tethered capping enzyme (i.e. pCMV-λN-NP868R), while four BoxBr hairpins were introduced to the 3′UTR of the Firefly Luciferase gene (i.e. pT7φ10-Luciferase-4xBoxBr). The effects of this tethered capping system were tested on C3P3-G1 transcripts, together with various controls. HEK-293 cells were transfected as described above with the appropriate combination of plasmid using an empty dummy plasmid to transfect the same amount of DNA to all conditions. Luciferase reporter expression was monitored by conventional luciferin oxidation assays and normalized by hSEAP expression as described above.

NP868R protein production {#SEC2-5}
-------------------------

The full-length ORF from the NP868R capping enzyme was optimized for codon usage in Sf9 cells (*Spodoptera frugiperda* 9). The resulting sequence was synthesized into the F8 donor plasmid (GenScript, Piscataway, NJ), then transferred into the Bacmid shuttle DNA through site-specific recombination using the *Escherichia coli* DH10Bac strain (Invitrogen). The recombinant Bacmid DNA was transfected into Sf9 cells and incubated in serum-free culture medium Sf‐900 II SFM (Life Technologies) for 5 days at 27°C before harvest of the budded virus particles released into the medium. The recombinant baculovirus was further amplified by propagation for three days post-infection in Sf9 cells. Cells were then lysed by sonication in presence of protease inhibitor. The HISx10-EK-NP868R recombinant protein was purified from cell extracts on nickel-nitrilotriacetic acid columns using a standard imidazole stepwise elution protocol. The samples were analyzed by SDS‐PAGE and western-blot using an anti‐His antibody, then stored at --20°C in 50% glycerol buffer. The yields of the baculovirus/Sf9 expression assay were of 4 mg/l of cell culture with a 72% purity rate, as estimated by Coomassie gel staining.

NP868R biochemical enzymatic assay {#SEC2-6}
----------------------------------

### NTPase assay {#SEC2-6-1}

NP868R recombinant protein (0.5 μM) was incubated with 0.5 μCi \[α-^32^P\]-GTP or \[α-^32^P\]-ATP in 50 mM Tris--HCl (pH 8.5), 5 mM DTT, 5 mM KCl supplemented or not with 2.5 mM MgCl~2~ and incubated at 37°C. Reaction was stopped by adding an equal volume of formamide/EDTA gel-loading buffer, and hydrolysis products were separated over a 20% polyacrylamide/8 M urea gel prior to phosphorimaging using FLA3000 instrument (Fuji, Tokyo, Japan).

### GTase assay {#SEC2-6-2}

The pppAC~4~ RNA was synthetized using T7 DNA primase as described by Peyrane *et al.* ([@B8]). The RNA (pppAC~4~) were then radiolabelled at their 3′ end by ligation of \[α-^32^P\]-pCp using T4 RNA ligase (New England Biolabs, Ipswich, MA, USA) according to the manufacturer\'s instructions ([@B9]). NP868R recombinant protein (0.5 μM) was incubated 1 h at 30°C with 10 mM GTP and 5 μM pppAC4pCp\* in 50 mM Tris--HCl (pH 8.5), 5 mM DTT, 5 mM KCl supplemented or not with 2.5 mM MgCl~2~. After incubation, the reactions were stopped by addition of an equal volume of formamide/EDTA gel-loading buffer and hydrolysis products were separated over a 20% polyacrylamide/8 M urea gel, prior to phosphorimaging.

### MTase assays {#SEC2-6-3}

MTase activity assays were performed by combining 0.5 μM of enzymes with 1 μM of GpppAC~4~ or mGpppAC~4~ RNAs, 2 μM SAM and 0.33 μM \[methyl-^3H^\]-SAM (Perkin Elmer, Waltham, MA, USA) in 40 mM Tris--HCl (pH 8.5), 1 mM DTT. Reactions at 30°C were stopped by a 10-fold dilution in 100 μM ice-cold SAH and the samples transferred to DEAE (Perkin Elmer) using a Filtermats Harvester (Packard Instruments, Downers Grove, IL, USA). The RNA-retaining mats were washed twice with 10 mM ammonium formate (pH 8.0), twice with water, and once with ethanol. They were then soaked with liquid scintillation fluid, allowing the measurement of \[methyl-^3^H\] transfer to the RNA substrates using a Wallac MicroBeta TriLux Liquid Scintillation Counter (Perkin Elmer).

### Thin-layer chromatography (TLC) analysis of cap structures {#SEC2-6-4}

small RNA pppAC~4~ (10 μM) was incubated 1 h at 30°C with recombinant NP868R protein (0.5 μM) or Vaccina virus capping Enzyme (New England Biolabs) in the presence of 5 μCi \[α-^32^P\]-GTP (Perkin Elmer). The capped RNA was purified by precipitation in 3 M sodium acetate supplemented with 1 μg/μl of glycogen (Thermo Scientific, Waltham, MA), and digested with 1 U of Nuclease P1 (US Biologicals, Salem, MA, USA) in 30 mM sodium acetate (pH 5.3), 5 mM ZnCl~2~ and 50 mM NaCl for 4 h at 37°C. The products were spotted onto polyethylenimine cellulose TLC plates (Macherey Nagel, Düren, Germany), and resolved using 0.65 M LiCl as mobile phase. The radio-labeled caps released by nuclease P1 were visualized using a Fluorescent Image Analyzer FLA3000 phosphorimager.

Western-blot analysis {#SEC2-7}
---------------------

For C3P3 immunoblotting, HEK-293 and CHO-K1 cells were transfected with the pCMV-FLAGx3-NP868R-(G~4~S)~2~-K1ERNAP(R551S) plasmid, which encodes for the FLAGx3 tag fused in frame to the amino-terminal ends of the NP868R-(G~4~S)~2~-K1ERNAP(R551S) C3P3 enzyme. Cells were lysed in 200 μl of CLR buffer and lysate was clarified by spinning for 15 s at 12 000 × g at room temperature. Twenty milligrams of total protein were resolved on 4--12% NuPAGE SDS-polyacrylamide gradient gel (Life Technologies, Carlsbad, CA, USA), and subjected to western blotting onto nitrocellulose Hybond membrane (GE Healthcare, Pittsburgh, PA, USA) overnight at +4°C.

Membranes with transferred proteins were blocked with 5% skim milk powder in PBS, then incubated with the rabbit polyclonal F7425 anti-FLAG primary antibody (1:1000; Sigma-Aldrich, Saint-Louis, MO, USA), then with anti-rabbit IgG-conjugated horseradish peroxidase NA9340V antibody (1:10000; GE Healthcare). Bands were visualized using the SuperSignal West Pico Chemiluminescent Substrate solution (Thermo Scientific) and scanned with the Fusion XPRESS gel imager (Vilber Lourmat, Marne-la-Vallée, France). Molecular weights were determined using the Novex Sharp Pre-stained Protein Standard color markers (Thermo Fisher).

Cell viability and death assay {#SEC2-8}
------------------------------

To investigate the effects of C3P3-G1 enzyme expression on viability and cytotoxicity, HEK-293 cells were transfected with the pCMV-NP868R-(G~4~S)~2~-K1ERNAP(R551S) plasmid with or without the pK1E(G)-Luciferase gene reporter plasmid. Empty backbone plasmids were used as controls. Cells were analyzed at selected time points using the MultiTox-Glo Multiplex Cytotoxicity Assay (Promega), a sequential-reagent-addition fluorescent and luminescent assay that measures the relative number of live and dead cells in cell populations.

Cell viability was assayed according to the manufacturer\'s instructions after addition of 50 μl of the live-cell dipeptidyl peptidase-1 GF-AFC reagent and analyzed on a fluorescent plate reader using wavelengths of 400 and 505 nm for excitation and emission, respectively. The GF-AFC reagent enters intact cells, where it is cleaved by the dipeptidyl peptidase-1, an enzyme that is restricted to intact viable cells, which release AFC and generate a fluorescent signal that is proportional to the number of viable cells ([@B10]). This live-cell protease becomes inactive upon loss of membrane integrity and leakage into the surrounding culture medium.

Cell death, either necrosis or apoptosis, was assayed by addition of 50 μl of a second luminogenic cell-impermeant peptide AAF-aminoluciferin substrate, and then analyzed on a luminescence plate reader. The AAF-aminoluciferin is a peptide substrate for cellular proteases which are released from compromised cells ([@B11]). Released proteases liberate aminoluciferin that is measured as luminescence generated by a recombinant Luciferase, whereas uncleaved AAF-aminoluciferin is not a substrate for recombinant luciferase, so viable cells generate a modest luminescence background. The live/dead cell ratio was estimated as the GF-AFC to AAF-aminoluciferin signals.

Confocal laser fluorescence protein microscopy {#SEC2-9}
----------------------------------------------

The subcellular localization of the wild-type T7RNAP was investigated by indirect immunofluorescence. Cells were plated on poly-[l]{.smallcaps}-lysine coated coverslips and cotransfected as described above with both pCMV-T7RNAP (encodes the wild-type ORF of T7RNAP under control of the CMV promoter) and pCMVScript-EGFP used as a cytoplasmic control. Cells were also transfected with a plasmid containing the T7RNAP ORF placed downstream to NLS from SV40 large T-antigen (i.e. pCMV-NLS-T7RNAP). Transfected cells were fixed in 4% paraformaldehyde in PBS for 20 min at room temperature. Cells were permeabilized and non-specific binding was blocked by 30 min treatment in PBS with 5% goat serum, 0.1% Triton X-100 and 0.02% sodium azide. The coverslips were incubated overnight at 4°C with the mouse monoclonal IgG~1~ anti-T7RNAP (1:200; Novagen, Madison, WI), washed with PBS, incubated with secondary Alexa Fluor 555 goat anti--mouse IgG antibody (1:500; Life Technologies) and mounted in the anti-fade Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA, USA).

The tagged C3P3-G1 enzyme was imaged by indirect immunofluorescence. CHO-K1 cells were transfected with the pCMV-FLAGx3-NP868R-(G~4~S)~2~-K1ERNAP(R551S), which encodes for the NP868R-(G~4~S)~2~-K1ERNAP(R551S) C3P3 enzyme fused in-frame to the C-terminus of the FLAGx3 tag ([@B12]). CHO-K1 cells were then stained as above, using a primary polyclonal F7425 rabbit IgG anti-FLAGx3 antibody (1:250; Sigma) ([@B13]) followed by secondary Alexa Fluor 568-conjugated goat anti-rabbit (1:800; Life Technologies). Cells transfected with FLAG-RLuc plasmid and cells stained only with secondary antibodies were used as controls. Slides were imaged on a Leica SP8 confocal microscope equipped with the appropriate laser excitation filters under oil immersion (i.e. ×40 lens) with image magnification and processed with Leica LAS-AF and ImageJ analysis software.

To determine whether proteins in different subcellular compartments can be expressed by the C3P3-G1 technology, cells were plated and transfected as described above with plasmids encoding the green EGFP or the red RFP fluorescent proteins fused in-frame with mitochondrial, nuclear or endosomal subcellular signals and imaged by direct fluorescence ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The human transferrin receptor type I (hTFR1) N-terminal signal localizes the fusion protein to the surface of vesicles of the endosomes ([@B14]). The mitochondrial presequence of *S. cerevisiae* cytochrome c oxidase subunit 4 (COX4) targets fusion proteins to the inner membrane of the mitochondrial matrix ([@B15]). The eNLS is a strong nuclear signal from SV40 for nuclear subcellular localization ([@B16]). CHO-K1 cells were co-transfected with pCMV-NP868R-(G~4~S)~2~-K1ERNAP(R551S) and the plasmids encoding the different fluorescent protein under control of the K1E promoter. For comparison with standard nuclear expression system, cells were also transfected with plasmids containing the same coding sequences in pCMV-Script backbone. To confirm the localization to the endosomal and mitochondrial compartments of the RFP fluorescent proteins expressed by the C3P3-G1 system, we have investigated their colocalization with EGFP tagged with the human LDLR and rat OCT signal peptides expressed with pCMV-Script plasmids, respectively. Transfected cells were fixed in 4% paraformaldehyde for 20 min at room temperature, then washed with 50 mM glycine solution in PBS for 10 min and permeabilized for 10 min in 0.1% Triton X-100. Cell nuclei were stained with Hoechst 33342 for 15 min, mounted in the anti-fade Vectashield Mounting Medium (Vector Laboratories), and imaged by direct fluorescence as described above.

Production of secreted protein assayed by ELISA {#SEC2-10}
-----------------------------------------------

The production yields of secreted or cytoplasmic/secreted proteins were assayed in cell culture medium of CHO-K1 cells. To avoid cross-reactivity in ELISA assay measurements, CHO-K1 cells were cultured and transfected in Panserin PX10 serum-free medium (Pan-Biotech, Aidenbach, Germany), supplemented with 1% penicillin and streptomycin, and 0.25% fungizone. Wild-type ORFs encoding protein precursors were artificially synthesized, i.e. human erythropoietin, human granulocyte colony-stimulating factor and murine alpha-fetoprotein, and subcloned in cassette optimized for the C3P3-G1 enzyme or standard pCMVScript nuclear expression plasmids ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

The concentrations of released hEPO, hG-CSF and mAFP were measured in culture medium collected every single day. Protein concentrations were determined by enzyme-linked immunosorbent assay (ELISA) using commercial kits (Quantikine ELISA, R&D Systems, Minneapolis, MN, USA) according to the manufacturer\'s instructions. Results were expressed as the optical density at 450 nm, with wavelength correction set to 620 nm. Results were analyzed by 4-parameter nonlinear logistic regression algorithm ([@B17]).

Proliferation assay of the erythropoietin-dependent UT7 cell line {#SEC2-11}
-----------------------------------------------------------------

To investigate whether the post-translational maturation of proteins produced with the C3P3-G1 expression system in CHO-K1 cells was altered, the functional activity of the human EPO (hEPO) glycoprotein produced with the C3P3-G1 system was assessed. CHO-K1 cells were plated in 24-well plates at a density of 1 × 10^5^ cells per well. To avoid cross-contamination by the cytokines present in the fetal calf serum, CHO-K1 cells were cultured in Panserin X10 serum-free medium. Cells were cotransfected with pCMV-NP868R-(G~4~S)~2~-K1ERNAP(R551S) and pK1E(G)-hEPO plasmids (encoding for the wild-type human erythropoietin precursor gene under control of the K1E phage promoter) using the Lipofectamine 2000 reagent. As a comparator, cells also transfected with the pCMVScript-hEPO plasmid (ORF of the wild-type hEPO precursor under control of the human IE1 CMV promoter/enhancer). Culture medium from CHO-K1 cells was removed on the second day after transfection, and erythropoietin titers were assessed by ELISA as described above.

Human erythropoietin in the culture media was assayed for effects on cell proliferation with the human UT7 leukemic cell line, which has megakaryocytic features and strictly depends on erythropoietin, GM-CSF, or IL3 for its growth ([@B18]). UT7 cells were cultured as described elsewhere with slight modifications ([@B19]) in Alpha Modified Minimum Essential Medium Eagle supplemented with 10% fetal calf serum and 2 U/ml hEPO. Before each experiment performed in triplicate, cells were washed, and then serum- and growth factor-deprived by incubation for 24 h in Iscove\'s modified Dulbecco\'s medium carrying 0.4% bovine serum albumin. Then, serial two-fold dilutions (from 4 to 0.008 U/ml) of hEPO from the culture medium of transfected CHO-K1 cells or treated with recombinant hEPO (Epoetin β, Roche Laboratories) were added to the culture medium of UT-7cells. Cells were grown in 96-well plates for three days at 37°C in 5% CO~2~ atmosphere at 100% relative humidity. Cell proliferation was then assayed by addition of the Uptiblue reagent (Interchim, Montluçon, France), which is a viable cell counting reagent. Fluorescence intensity was read using a scanner (Typhoon, GE Healthcare), with excitation at 532 nm and emission at 580 nm. Human EPO released in culture medium was compared with the commercial Epoetin β (Roche Pharmaceuticals, Basel, Switzerland). Differences of activity profiles between the commercial Epoetin β and hEPO produced by CHO-K1 cells might be explained by the use of distinct methods for measuring hEPO or other differences related with the processing of Epoetin β ([@B20]).

Real-time quantitative Reverse Transcription PCR {#SEC2-12}
------------------------------------------------

The kinetics of mRNA synthesis by the C3P3-G1 expression system was assessed by quantitative RT-PCR. HEK-293 cells were plated in 24-well plates at a density of 1 × 10^5^ cells per well and transfected with either pCMV-NP868R-(G~4~S)~2~-K1ERNAP(R551S) plus the pK1E(G)-Luciferase plasmid, or the pCMVScript-Luciferase plasmid (Luciferase gene under control of the human CMV promoter/enhancer) using the Lipofectamine 2000 reagent.

Total RNA was isolated using the Nucleospin RNA columns (Macherey-Nagel, Düren, Germany) and subjected to TURBO DNase-free treatment (Ambion, Foster City, CA, USA). Total RNA was reverse-transcribed using High Capacity cDNA Reverse Transcription kit with RNase Inhibitor (Life Technologies). The resulting cDNA was amplified by real-time RT-PCR using primer and probe sets for either Luciferase ORF or C3P3-G1 enzyme ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) with TaqMan detection. Absolute transcript copy number was reported to calibration curve with known concentrations of each plasmid DNA and normalized to human GAPDH or ACTB expression.

Polysome fractionation {#SEC2-13}
----------------------

Polysome fractionation was performed as described elsewhere with minor modifications ([@B21]). A single 75 cm² tissue culture flask of HEK-293 transfected cells was used for each sucrose gradient. The culture medium was removed 24 h after transfection and replaced with fresh medium. After overnight incubation, the medium was changed again and 2 h later, cycloheximide at 100 μg/ml was added for 10 min. Cells were washed with PBS, collected by trypsinization, and pelleted. The dry cell pellet was resuspended in 500 μl of lysis buffer (50 mM Tris-HCl at pH 7.4, 300 mM KCl, 10 mM Mg-Acetate, 1 mM DTT, 0.05% Nonidet P40) containing 200 units/ml of SUPERaseIn RNAse inhibitor (Invitrogen) and 100 μg/ml of cycloheximide, and lyzed by incubation on ice for 10 min with occasional shaking. Nuclei and cell debris were removed by centrifugation at 1000 × g for 10 min and 400 μl of supernatant was layered directly onto a 12 ml 15--50% (w/v) sucrose gradient in 50 mM Tris-acetate (pH 7.5), 50 mM NH~4~Cl, 12 mM MgCl~2~ and 1 mM DTT. The gradient was centrifuged at 39 000 rpm in a SW41 Beckman rotor for 2.75 h at 4°C. After centrifugation, optical density (O.D.) at 254 nm was monitored by pumping the gradient through a Retriever 500 (Teledyne Isco) fraction collector.

Statistics {#SEC2-14}
----------

Statistical analyses were performed with paired two-tailed Student\'s *t*-test. Results are means (*n* ≥ 4, except otherwise stated) ± standard deviation. *P*-value \<0.05 was considered statistically significant.

RESULTS {#SEC3}
=======

Poor translation from T7RNAP-directed transcripts is overcome by co-expression of the Vaccinia Virus capping enzyme {#SEC3-1}
-------------------------------------------------------------------------------------------------------------------

*Autographivirinae* is a family of bacteriophages encoding their own single-subunit RNAPs showing high specificity for their respective double-stranded promoters. The T7 DNA-dependent RNA polymerase (T7RNAP), their prototype, synthesizes RNA *in vitro* at a rate of 250 nucleotides/second and produces transcripts devoid of 5′-caps ([@B22]). Given the importance of capping for mRNA stability and translation initiation ([@B23]), we sought to determine if the translational efficiency of T7-transcripts by mammalian cells could be increased by mRNA capping. To investigate protein expression from T7 promoter-driven transcripts, the wild-type T7RNAP open reading frame (ORF) was subcloned downstream of the CMV promoter (pCMV-T7RNAP). When expressed in HEK-293 cells, T7RNAP was found in cytoplasm, whereas in-frame fusion of a SV40 nuclear localization signal at the amino-terminus redirected T7RNAP to the nucleus ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) ([@B24]). A reporter plasmid was generated by cloning the Firefly luciferase gene under control of the φ10 T7-phage promoter from the major capsid protein (pT7φ10-Luciferase) ([@B25]). This reporter plasmid also contains a 40 adenosine track to ensure artificial polyadenylation, followed by the self-cleaving genomic hepatitis D ribozyme ([@B26]). Following co-transfection of pCMV-T7RNAP and pT7φ10-Luciferase plasmids in HEK-293 cells, luciferase expression was monitored by conventional luciferin oxidation assays and normalized (Figure [1](#F1){ref-type="fig"}). As expected, low levels of luciferase expression were seen in transfected HEK-293 cells (Figure [2](#F2){ref-type="fig"}).

![The Firefly Luciferase gene reporter assay used for the optimization of the C3P3-G1 system. A diagram depicts the steps of gene expression from the C3P3-G1 expression system, using Firefly Luciferase as expression gene reporter. C3P3-G1 enzyme and T7 promoter-Luciferase plasmids (pT7φ10-Luciferase) are co-transfected into HEK-293 or CHO-K1 cultured cells. C3P3-G1 mRNA are expressed by the RNA polymerase II-dependent IE1 human CMV promoter/enhancer. The transcripts are subsequently translated into C3P3-G1 protein, which accumulates in the cell cytoplasm where it mediates transcription and capping of luciferase mRNAs from the pT7φ10-Luciferase plasmid, while polyadenylation is encoded in a poly\[A\]-track from the pT7φ10-Luciferase plasmid. Ultimately, luciferase protein is produced by mRNA translation, which is monitored by luciferin oxidation assay.](gkz069fig1){#F1}

![Coupling of T7RNAP with vaccinia virus capping enzyme. Plasmids encoding T7RNAP and/or the D1R and D12L subunits of the heterodimeric vaccinia virus capping enzyme were cotransfected in HEK-293 cells together with the pT7φ10-Luciferase plasmid. The ORFs of corresponding plasmids were designed as follows: (**A**) no coupling domain, (**B**) T7RNAP fused in-frame to the carboxyl-terminal end of either D1R or D12L genes via the (G~4~S)~4~ linker, (**C**) fused in-frame with the leucine-zippers EE~1234~L and RR~1234~L, which forms a heterodimer in antiparallel orientation. EE~1234~L was fused to the amino-terminal end of T7RNAP, whereas RR~1234~L was fused either with D1R or D12L. Luciferase gene expression level is shown, as well as the relative value in comparison to the uncoupled condition. Luminescence was assayed in cell lysates 24 h after transfection and expressed in RLU normalized for hSEAP (secreted embryonic alkaline phosphatase) expression expressed in DO (RLU/DO ratio). Errors bars indicate standard deviation of at least four experiments. Comparisons of cotransfection of T7RNAP, D1R and D12L versus all other constructions: *P*\< 0.05, Student\'s *t*-test.](gkz069fig2){#F2}

The lack of 5′-RNA cap on T7-transcripts likely contributes to their poor translational efficiency ([@B24],[@B27]). In support of this hypothesis, the vaccinia virus-T7RNAP (VV-T7RNAP) expression system was found superior to T7RNAP expression alone ([@B28],[@B29]). This elegant expression system relies on infection of mammalian cells by a recombinant vaccinia virus encoding T7RNAP, which transcribes target genes under control of the T7-promoter embedded in a second recombinant vaccinia virus or plasmid. The transcripts produced by this system can receive 5′-cap and 3′-polyadenylation by the vaccinia virus capping and polyadenylation machineries, respectively ([@B30]). Although this expression system is able to generate up to 30% of the total cytoplasmic RNA, only 5--10% of the T7-transcripts are capped and 25% of them are polyadenylated, which suggests insufficient synergy between the transcriptional and post-transcriptional machineries ([@B30],[@B31]).

We sought to recapitulate the main components of the vaccinia virus-T7RNAP expression system in a non-viral plasmid-based expression system, therefore devoid of any risk of transmitting infection and virus-mediated cytotoxicity. The vaccinia virus capping enzyme consists of a 97- and a 33-kDa subunit that are encoded by the vaccinia virus-D1R and D12L genes respectively ([@B32]). The D1R product has enzymatic activities ([@B33]), whereas the D12L product acts as its allosteric regulator ([@B36]). Both D1R and D12L were cloned into independent plasmids and co-transfected into HEK-293 cells in combination with pCMV-T7RNAP and pT7φ10-Luciferase plasmids. Luciferase expression was increased by 9-fold in cells co-transfected with D1R and D12L plasmids in comparison to T7RNAP plasmid alone, which confirmed the importance of capping for T7-transcripts translational efficiency (Figure [2](#F2){ref-type="fig"}).

Coupling of T7RNAP and vaccinia virus capping enzyme enhances reporter gene expression {#SEC3-2}
--------------------------------------------------------------------------------------

In Nature, eukaryotic RNAPs are commonly coupled with their corresponding capping enzymes, which is likely required for selective capping of transcripts. In contrast, the absence of coupling between the T7RNAP and capping enzyme of the hybrid vaccinia virus-T7RNAP expression system possibly accounts for the poor capping rate of T7-transcripts ([@B30]). Hence, we chose to increase the proximity of T7RNAP and vaccinia virus capping enzyme by directly coupling these enzymes together. This approach therefore differs from the strategy used by others ([@B37]), in which nuclear-directed-T7RNAP was fused with the carboxyl terminal domain from POLR2A ([@B40]), which interacts with the host-cell nuclear capping enzyme ([@B41]). Although this fusion was sought to bring these enzymes together, it generates neither capped nor spliced transcripts but instead promotes formation of DNA:RNA hybrids ([@B37],[@B38]).

T7RNAP and vaccinia virus capping enzyme were coupled using EE~1234~L and RR~1234~L leucine-zippers. These amphipathic α-helices form an antiparallel heterodimer with binding affinity of ∼10^−15^M ([@B42]). RR~1234~L was fused in-frame to the amino-terminal ends of either D1R or D12L vaccinia virus capping enzyme subunits, while EE~1234~L was fused in-frame to the amino-terminal end of T7RNAP. Two heterotrimeric enzymes were therefore generated by co-transfection: EE~1234~L-T7RNAP that binds to RR~1234~L-D1R and D12L duplex, as well as EE~1234~L-T7RNAP that binds to RR~1234~L-D12L and D1R duplex. The constructs were transfected in HEK-293 cells and assayed for luciferase expression. In comparison to uncoupled enzymes, leucine-zippers on D1R or D12L increased luciferase expression by 7.6- and 5.1-fold respectively (Figure [2](#F2){ref-type="fig"}).

As an alternative to leucine-zippers, we tested the functional activity of fusing vaccinia virus capping enzyme subunits to T7RNAP. The D1R or D12L ORFs were fused in-frame to the amino-terminus of T7RNAP, separated by a flexible (G~4~S)~4~ linker, generating D1R-(G~4~S)~4~-T7RNAP and D12L-(G~4~S)~4~-T7RNAP constructs respectively. In comparison to uncoupled enzymes, fusion increased luciferase expression by 8- and 3.9-fold respectively (Figure [2](#F2){ref-type="fig"}). In both approaches, coupling of D1R to T7RNAP outperformed coupling of D12L to RNAP and confirmed the importance of physically coupling capping enzyme and RNAP enzymes for T7-transcript expression.

Fusion of the single-unit capping enzyme from the African Swine Fever Virus (ASFV) with T7RNAP promotes high cytoplasmic protein expression {#SEC3-3}
-------------------------------------------------------------------------------------------------------------------------------------------

In contrast to the two-subunit vaccinia virus capping enzyme, some viruses and episomes encode single-subunit capping enzymes. With the rationale that single-subunit capping enzymes would be simpler to use in routine expression systems, we next tested the activity of distinct single-subunit capping enzymes. Subsequently, artificial enzymes, collectively designated as C3P3-G1 enzymes, were generated by in-frame fusion of candidate capping enzymes to the amino-terminal end of T7RNAP via (G~4~S)~4~ linkers (Figure [3A](#F3){ref-type="fig"}).

![Design and optimization of single-unit C3P3-G1 enzymes. (**A**) General design of the C3P3-G1 enzymes. Single-unit C3P3-G1 enzyme consists of three main domains (i.e. capping enzyme, linker and DNA-dependent RNA polymerase) which were optimized step-by-step in HEK-293 cells (similar results were obtained in CHO-K1 cells, data not shown). (**B**) Enzymatic domains of the candidate capping enzymes selected to generate C3P3-G1 enzymes. Capping enzymes were selected by bioinformatic sequence analysis showing that the proteins contain the three-enzymatic domains required for mRNA capping (i.e. TPase, GTase and N7-MTase). Blocks stand for different domains and their annotations are listed at the bottom of the figure. The lengths of the blocks are directly proportional to their sequence length. The enzymatic domains of the well-characterized heterodimeric vaccinia virus capping enzyme are also shown. (C) Selection of the mRNA capping moieties of C3P3-G1 enzymes. mRNA capping moieties were fused in-frame to the amino-terminal extremity of the T7RNAP sequence via (G~4~S)~4~ linker. Reverse constructions by in-frame fusion to the carboxyl-terminus of T7RNAP were not tested because T7RNAP does not tolerate carboxyl-terminal extensions ([@B85],[@B86]). Constructions were tested for firefly luciferase reporter expression assay 24 h after transfection and expressed in RLU normalized for hSEAP expression expressed in DO (RLU/DO ratio). The errors bars indicate the standard deviation of at least four experiments. Comparisons of NP868R-(G~4~S)~4~-T7RNAP versus all other C3P3-G1 enzymes: *P*\< 0.05, Student\'s *t*-test. (**D**) Selection of the phage DNA-dependent RNAPs moieties of C3P3-G1 enzymes. Phage DNA-dependent RNAPs were fused in-frame to the carboxyl-terminal extremity of the NP868R sequence via (G~4~S)~4~ flexible linker and tested for firefly luciferase reporter expression as described above. Comparisons of NP868R-(G~4~S)~4~-K1ERNAP versus NP868R-(G~4~S)~4~-K1.5RNAP and NP868R-(G~4~S)~4~-SP6RNAP: NS; NP868R-(G~4~S)~4~-K1ERNAP versus all other constructions: *P*\< 0.05, Student\'s *t*-test. (**E**) Optimization of the polyadenylation/histone stem--loop region of DNA templates. A track of 40 adenosine residues of pK1E-Luciferase, which provides artificial polyadenylation to the transcripts was either removed or associated to the consensus stem-loop from human histone. This RNA element is involved in the regulation of stability and of translation efficiency in the cytoplasm and is functionally similar to a poly(A) tail in that it enhances translational efficiency and is dependent on mRNA capping. The corresponding pK1E-Luciferase with various sequence modifications were co-transfected with the pCMV-NP868R-(G~4~S)~2~-K1ERNAP(R551S) plasmid in HEK-293 cells. Comparison of poly\[A40\] vs. histone tem-loop: NS; poly\[A40\] versus no poly\[A\] track or poly\[A\] track placed before or after consensus stem-loop of human histone: *P*\< 0.05, Student\'s *t*-test.](gkz069fig3){#F3}

Nine candidate single-unit capping enzymes were selected for analysis ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), which were inferred by bioinformatic annotation to comprise the three enzymatic domains required for mRNA cap synthesis (Figure [3B](#F3){ref-type="fig"}): a 5′-triphosphatase (RTPase) that removes the γ-phosphate residue of 5′-triphosphate mRNA ends, a guanylyltransferase (GTase) that transfers GMP from GTP to diphosphate 5′-terminus, and a N7-guanine methyltransferase (N7-MTase) that adds a methyl residue onto nitrogen-7 of guanine to produce ^m7^GpppN caps ([@B43]). For five of these capping enzymes, at least one of these three enzymatic activities were also previously confirmed biochemically (Bluetongue virus VP4 ([@B44]), Mimivirus R382 ([@B47]), ASFV NP868R ([@B48]), ORF3 from the yeast cytoplasmic episome pGKL2 ([@B49],[@B50]), Bamboo Mosaic virus ORF1 ([@B51],[@B52])). The remaining four capping enzymes were selected based on having \>20% amino-acid identity with NP868R and all three enzymatic capping domains inferred by electronic annotation.

The activity of each single-subunit C3P3-G1 enzyme was tested following co-transfection with pT7φ10-Luciferase reporter plasmid ([@B25]). High expression was obtained with NP868R-(G~4~S)~4~-T7RNAP and to a lesser extent R382-(G~4~S)~4~-T7RNAP, relative to T7RNAP alone (Figure [3C](#F3){ref-type="fig"}). Coupling of NP868R with T7RNAP by leucine-zippers also increased luciferase expression in comparison to uncoupled enzymes ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Similar results were obtained when the T7RNAP was substituted by T3 or SP6RNAP ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Both NP868R-(G~4~S)~4~-T7RNAP and R382-(G~4~S)~4~-T7RNAP were also active, albeit at reduced efficiency, when the φ10 promoter was substituted by the low-activity φ2.5 promoter that initiates transcription with an adenosine ([@B53]) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Together, these results show that ASFV NP868R can significantly enhance protein expression when coupled to various phage RNAPs.

To confirm that luciferase expression from NP868R-(G~4~S)~4~-T7RNAP depends on T7RNAP activity, transfected cells were exposed to α-amanitin, which inhibits polII but not phage RNAPs ([@B29]). As expected, expression by NP868R-(G~4~S)~4~-T7RNAP was relatively resistant to α-amanitin, in contrast to nuclear-based expression plasmid, which was effectively inhibited ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). To confirm the requirement of NP868R capping activity, the K282N mutation was introduced into the NP868R moiety of NP868R-(G~4~S)~4~-T7RNAP, which is predicted to suppress GTase activity by blocking NP868R-GMP adduct formation and thereby the transfer of GMP to 5′-diphosphate ends of mRNA ([@B54]). As anticipated, the K282N mutation drastically impaired luciferase expression by C3P3-G1 ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

Finally we devised a semi-quantitative capping enzyme assay to determine the capping efficiency of C3P3-G1 transcripts. Since capping by C3P3 dramatically increased translation of T7p-derived mRNAs, we reasoned that if mRNAs remained uncapped by C3P3, then supplementation with auxiliary NP868R enzyme should further increase translation over C3P3 alone. To direct auxiliary NP868R to luciferase reporter mRNAs, we fused NP868R to the λN peptide of λ-phage which binds boxB RNA hairpins at nanomolar affinity ([@B7]), and added four BoxBr hairpins to the 3′UTR of the firefly luciferase gene (Figure [4](#F4){ref-type="fig"}). As expected, λN-NP868R plus T7RNAP caused higher luciferase expression than T7RNAP alone, demonstrating the functionality λN-NP868R and also the value of capping. λN-NP868R also complemented expression by capping-dead mutant (K282N) C3P3-G1. However, addition of λN-NP868R with C3P3-G1 marginally increased luciferase expression over C3P3 alone, suggesting that capping was already nearly saturated by C3P3. Similar findings we obtained with transcripts produced by standard nuclear expression system using CMV-driven promoter. These findings support that a majority of transcripts are efficiently capped by C3P3.

![Semi-quantitative capping assay. (**A**) Experimental strategy to investigate the mRNA capping efficiency of the C3P3-G1 system. The African swine fever virus capping enzyme NP868R was tethered to the 3′UTR of the Firefly reporter mRNAs by fusing it to N-terminal peptide of the λN protein and introducing four BoxBr hairpins binding sites in the 3′UTR of the reporter mRNA. (**B**) The tethered NP868R enzyme increases the expression of uncapped reporter mRNA produced by the T7RNAP or by the capping-dead mutant (K282N) C3P3-G1 system. In contrast, the expression of capped reporter mRNA produced by the C3P3-G1 system remains virtually unchanged, which suggests that most of C3P3-G1 transcripts are efficiently capped.](gkz069fig4){#F4}

ASFV NP868R increases protein expression when coupled with various prokaryotic RNAPs, especially the R551S-optimized K1E phage RNAP {#SEC3-4}
-----------------------------------------------------------------------------------------------------------------------------------

Having found that NP868R can boost protein expression when coupled to T7RNAP, we asked if NP868R could function with other bacteriophage RNAPs. We selected 54 complete bacteriophage genome sequences, which were analyzed for candidate phage-promoter sequences using the PHIRE software ([@B55]). Twenty-nine RNAPs with well-characterized promoters were then subjected to BLAST+ analysis ([@B56]), and clustered into 12 subgroups having \<80% amino-acid identity ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). One member of each subgroup was randomly selected and fused to the carboxyl-end of NP868R via (G~4~S)~4~ linker ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). For each RNAP, the putative phage promoter from the major capsid protein was inserted upstream of the luciferase gene and co-transfected with the corresponding C3P3-G1 enzyme plasmids ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). While highest luciferase expression was achieved with SP6RNAP moiety (Figure [3D](#F3){ref-type="fig"}), additional phage RNAPs having \>80% amino-acid identity with SP6RNAP were examined in a second optimization step. The two closely related K1ERNAP and K1.5RNAP, which share 99% amino-acid identity together and 85% with SP6RNAP ([@B57]), were identified and fused in-frame with NP868R with best results given by K1ERNAP (Figure [3D](#F3){ref-type="fig"}). Overall these studies show that coupling of NP868R to prokaryotic RNAPs generates a novel cytoplasmic expression system.

We also tested the influence of point substitutions having predicted effects on K1ERNAP processivity. K1ERNAP amino-acids residues were selected based on conservation among the *Autographivirinae* family members and their known effects on *in vitro* processivity of T7RNAP ([@B58]) ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). The R620S and I802S mutations, which were both predicted to reduce RNAP processivity, decreased gene reporter expression. In contrast, the R551S mutation, which was predicted to increase polymerization kinetics, slightly increased reporter gene expression and was selected for further optimization ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}).

Finally, various lengths and amino-acid content of linkers between NP868R and K1ERNAP(R551S) moieties were tested, among which two repeats of G~4~S was found optimal ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}, [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). The C3P3-G1 enzyme consisting of NP868R- (G~4~S)~2~-K1ERNAP(R551S) was used in further experiments.

NP868R from ASFV is a fully competent capping enzyme {#SEC3-5}
----------------------------------------------------

NP868R capping enzyme was previously shown to form a covalent link with GTP, an activity required for GTase activity ([@B48]), but RTPase and N7-MTase activities were only inferred from sequence annotation ([@B59]). To test if NP868R has all *bona fide* enzymatic activities, we expressed and purified histidine-tagged NP868R by baculovirus expression system and Ni^2+^-affinity chromatography, respectively (Figure [5A](#F5){ref-type="fig"}). The NTPase activity of NP868R was evidenced by *in vitro* conversion assay of \[α-^32^P\]-GTP or ATP into GDP or ATP. Figure [5B](#F5){ref-type="fig"} shows that NP868R displayed NTPase activity similar to that of the VVD1R subunit, which hydrolyses \[α-^32^P\]-GTP into GDP, or ATP into ADP (not shown). The GTase activity results from two steps reaction process in which the GTase first form a covalent link with GMP which is subsequently transferred on the 5′ end of pRNA. The first step of this process (GTP-covalent binding) was demonstrated through incubation of NP868R with \[α-^32^P\]-GTP and MgCl~2~. A radiolabeled 99 kDa protein was observed under denaturing electrophoresis conditions, suggesting that NP868R forms a covalent adduct with the guanosine nucleotide similar to VVD1R and VVD1R-ΔMTase (Figure [5C](#F5){ref-type="fig"}). The subsequent transfer of GMP to the 5′-end of RNAs was next monitored by incubating NP868R with synthetic 3′-end radiolabeled RNAs (pppAC~4~Cp), followed by urea-PAGE RNA product analysis. In presence of MgCl~2~, NP868R induced a band-shift of RNA products. Migration patterns were similar to those observed when using VVD1R and VVD1R-ΔMTase as positive controls, suggesting similar modification at the 5′-end of RNA blocked at their 3′-end by pCp labeling (Figure [5D](#F5){ref-type="fig"}). The nature of the cap structure was further analyzed by thin layer chromatography after RNA hydrolysis by nuclease P1. In the presence of the methyl donor S-Adenosyl-Methionine (SAM) and MgCl~2~, the positive control VVD1R, as well as NP868R could synthesize a ^m7^GpppA cap structure (Figure [5E](#F5){ref-type="fig"}), indicating that NP868R carries both N7-MTase and GTase activities. NP868R methylated GpppAC~4~, whereas a blocked N7-atom in the synthetic capped RNA (^m7^GpppAC~4~ substrate) abolished ^3^H-methyl transfer. NP868R thus carries N7-MTase but not ribose-2′-*O*-methyltransferase activities on these short substrates (Figure [5F](#F5){ref-type="fig"}). Altogether, these assays demonstrate that NP868R is a fully active capping enzyme.

![NTPase, GTase and N7-MTase activities of NP868R capping enzyme. (**A**) Coomassie-stained, reducing SDS-PAGE showing the insect-cell derived NP868R protein purified by Ni^2+^-affinity chromatography migrating at around 100 kDa. Protein ladder is shown on the right lane. (**B**) NTPase activity. Autoradiographs of 20% urea-PAGE gel show that NP868R and the D1R subunit of VV (VVD1ΔMTase) hydrolyze \[α-^32^P\] radio-labeled GTP to GDP. The hydrolysis of GTP by NP868R is stimulated by 2.5 mM MgCl~2~. (**C**) GTP-binding assay. Autoradiographs of 12% SDS-PAGE show that NP868R, VVD1RΔMTase and VVD1R form covalent adducts, after 1 h of incubation with \[α-^32^P\] radio-labeled GTP in presence of 2.5 mM MgCl~2~. The main radiolabeled bands are detected at a molecular weight corresponding to the incubated proteins. (**D**) GTase activity. A synthetic RNA (pppAC~4~), radiolabeled at its 3′-end using \[α-^32^P\]-pCp (pppAC~4~-Cp\*, Ctl) is incubated with NP868R, VVD1RΔMTase and VVD1R in presence of 1 mM GTP. The RNA reaction products, obtained after 1 h of incubation, are separated on a 20% urea--PAGE gel. The VV-capping enzyme (VVD1R and VVD1ΔMTase) used as positive control, convert pppAC~4~-Cp\* into ^m7^GpppAC~4~-Cp\* or GpppAC~4~-Cp\*, respectively. The autoradiographs show that, in presence of 2.5 mM MgCl~2~, NP868R convert pppAC~4~-Cp\* RNA to a RNA migrating a molecular weight similar to the capped RNA generated by VVD1R proteins. (**E**) Cap structure identification. pppAC~4~ RNA was incubated with \[α-^32^P\]-GTP in presence of NP868R, VVD1RΔMTase and VVD1R respectively. The reaction products were digested by nuclease P1, and the caps were separated by thin-layer chromatography (TLC). ^m7^GpppA is the predominant product seen in presence of the methyl-donor (SAM) using the VVD1, whereas VVD1RΔMTase synthesized mainly GpppA, as well as GTP hydrolysis products (GDP and GMP). ^m7^GpppA cap structure is detected when NP868R is incubated with SAM and 2.5 mM MgCl~2~, and GpppA in absence of SAM. (**F**) MTase activity. Activity of NP868R was assessed by monitoring the transfer of tritiated methyl (CH~3~) from SAM to a short synthetic RNA (GpppAC~4~ or ^m7^GpppAC~4~) after 10 and 150 min. The bar chart experiment compares the activities of NP868R with that of human N7-MTase (N7-MTase) and SARS-COV 2′O-MTase known to methylate specifically the N7 position of the RNA cap structure and the 2′O position of capped RNA respectively. NP868R methylate the GpppAC~4~ but not RNA already methylated on their N7 position (^m7^GpppAC~4~) suggesting that the methylation occurs on the N7 position of cap structure. The error bars indicate the standard deviation of three experiments.](gkz069fig5){#F5}

C3P3-G1 expression system is functional in mammalian cells {#SEC3-6}
----------------------------------------------------------

Immunofluorescence microcopy showed only cytoplasmic expression of the FLAG-tagged NP868R-(G~4~S)~2~-K1ERNAP(R551S) enzyme as expected (Figure [6A](#F6){ref-type="fig"}--[B](#F6){ref-type="fig"}). In addition, the FLAG-tagged NP868R-(G~4~S)~2~-K1ERNAP(R551S) enzyme was expressed in both CHO-K1 and HEK-293 cells as the expected 200-kDa fusion protein (Figure [6C](#F6){ref-type="fig"}). Cell viability and death, measured by fluorescent dipeptidyl peptidase-1 GF-AFC and luminogenic AAF-aminoluciferin substrates respectively, were similar for empty plasmids and C3P3-expressing plasmids, indicating that the C3P3-G1 enzyme do not exert any toxic effects on HEK-293 cells ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}).

![C3P3-G1 enzyme is a 200 kDa cytoplasmic protein. (**A**) Immunofluorescence of FLAGx3-NP868R-(G4S)~2~-K1ERNAP C3P3-G1 enzyme is found in the cytoplasm of CHO-K1 cells, with or (**B**) without nuclear staining with Hoechst 33342. (**C**) Western blot analysis of HEK-293 and CHO-K1 cells untransfected or transfected with the FLAGx3-NP868R-(G4S)~2~-K1ERNAP or FLAG-RLUC plasmid used as a positive control. The 200 kDa band corresponds to the expected molecular weight of the full-length flagged C3P3-G1 protein and the 36 kDa to the FLAG-RLUC control.](gkz069fig6){#F6}

Since C3P3-G1 was thus far optimized for expression of luciferase, it was critical to determine whether C3P3-G1 promotes efficient expression, processing, and localization of various proteins. All experiments were performed using DNA templates, which were optimized in both HEK-293 and CHO-K1 cells with similar results (data not shown). As judged by immunofluorescence microcopy, C3P3-G1 drives expression and localization of fluorescent proteins tagged for transport in the expected nuclear, mitochondrial, and endosomal compartments (Figure [7](#F7){ref-type="fig"}). The localization of these fluorescent proteins to the endosomal and mitochondrial compartments was confirmed by the coexpression of EGFP fused to the human LDLR and rat OCT sorting signals, respectively ([Supplementary Figure S13](#sup1){ref-type="supplementary-material"}). Noticeably, the morphological patterns of these fluorescent proteins appear similar when expressed using a standard nuclear expression system, therefore suggesting that the C3P3-G1 does not impair protein sorting (Figure [7](#F7){ref-type="fig"}). To further confirm that the proteins produced by the C3P3-G1 system were properly processed, we assayed in culture medium the functional activity of the released hEPO, a N- and O-glycosylated secreted protein ([@B60]). Its activity was similar when produced by C3P3-G1 versus standard nuclear expression systems, showing normal protein folding and disulfide bond formation (Figure [8](#F8){ref-type="fig"}). Taken together, the findings confirm that the expression of C3P3 transcripts generates normal proteins.

![C3P3-G1 expression system generates properly addressed proteins to cell compartments in comparison to standard CMV promoter-driven nuclear expression system. Fluorescent proteins with various trafficking signals were produced by the C3P3-G1 or standard CMV-promoter-driven nuclear expression system (pCMVScript) and were found appropriately addressed to the same corresponding cell compartments (**A**) green GFP fluorescent protein with SV40 eNLS signal featured by homogenous nuclear staining, (**B**) red RFP fused to the mitochondrial COX4 signal, which directs the fusion protein to the inner membrane of the mitochondria, was imaged as small aggregates spread in the cytoplasm, (c) red RFP fused to the transferrin receptor type 1 endosomal trafficking signal was visualized as multiple connected punctuates fluorescent patterns in cell cytoplasm.](gkz069fig7){#F7}

![Biological activity of the human erythropoietin released in culture medium by CHO-K1 cells. The human erythropoietin glycoprotein released in culture medium by transfected CHO-K1 cells was assayed by proliferation assay of the erythropoietin-dependent UT7 cell line. Dilutions of hEPO from the culture medium of transfected CHO-K1 cells or recombinant commercial hEPO (Epoetin β, Roche Laboratories) were added to the culture medium of UT-7 cells. The activity of hEPO produced by the C3P3-G1 system was comparable to the nuclear expression plasmid, therefore showing normal protein folding and disulfide found formation. The differences of activity profiles between Epoetin β and hEPO produced in CHO-K1 cells with the standard plasmid or the C3P3-G1 system might be explained by the use of distinct methods for measuring hEPO or other differences in line with the processing of Epoetin β product ([@B20]).](gkz069fig8){#F8}

We have optimized components of the DNA templates with no or modest effects of pause site, 5′-UTR, 3′-UTR, and 3′-stop sequences on luciferase expression ([Supplementary Figures S14--17](#sup1){ref-type="supplementary-material"}, [Supplementary Table S7](#sup1){ref-type="supplementary-material"}--8). Conversely, the combination of poly\[A\]40 track and consensus histone stem-loop sequence, which is functionally similar to a poly(A) tail in that it enhances translational efficiency and is dependent on mRNA capping, markedly improved luciferase expression (Figure [3E](#F3){ref-type="fig"}).

The kinetics of C3P3-G1 gene expression was monitored by quantitative RT-PCR and luciferase assay in HEK-293 cells. Peak of C3P3-G1 enzyme mRNA levels was detected at 24--48 h, whereas C3P3-G1 Firefly Luciferase mRNA and luminescence peaked at 3 days with sustained expression over 4--6 days in HEK-293 cell line (Figure [9A](#F9){ref-type="fig"}--[C](#F9){ref-type="fig"}). The C3P3-G1 expression system produced at peak 6.7-fold more luciferase mRNA, but 2.2-fold lower luciferase luminescence at peak than standard CMV-driven Firefly Luciferase expression plasmid. This low luminescence:mRNA ratio shows limited translational efficiency of C3P3-G1 Luciferase transcripts, which suggests incomplete maturation of C3P3-driven transcripts in HEK-293 cells.

![Kinetics of C3P3-G1 gene expression monitored by quantitative RT-PCR and luciferase assay. HEK-293 were either cotransfected with pCMV-NP868R-(G4S)~2~-K1ERNAP and pK1E-Luciferase (i.e. Firefly Luciferase gene under control of the phage K1E promoter), or pCMVScript-Luciferase plasmids (i.e. Firefly Luciferase gene under control of the RNAP II-dependent IE1 human CMV promoter/enhancer). (**A**) The kinetics of pCMV-NP868R-(G4S)~2~-K1ERNAP C3P3-G1 mRNA and (**B**) Luciferase mRNA were assayed by quantitative RT-PCR, along with (**C**) Firefly Luciferase expression monitored by luciferin oxidation assay.](gkz069fig9){#F9}

To investigate if the above results could be caused by global suppression of host-cell translation, the polysome profile of HEK-293 cells expressing the Firefly Luciferase under control of C3P3-G1 or standard CMV-promoter-based nuclear expression plasmid were compared. Polysome profiling separates translated mRNAs on a sucrose gradient according to the number of bound ribosomes. No frank change in ribosome distribution patterns was observed between these two conditions (Figure [10](#F10){ref-type="fig"}), which supports the notion that expression by C3P3-G1 has no major impact on global translation of human HEK-293 cells.

![Analysis of translation using polysome profiling. HEK-293 cells were either cotransfected with pCMV-NP868R-(G4S)~2~-K1ERNAP and pK1E-Luciferase (i.e. C3P3-G1 Luciferase), or pCMVScript-Luciferase plasmids. Cell lysates were fractionated by 15--50% sucrose gradient centrifugation as described in Materials and Methods. The absorbance profile of the gradient is shown (top and bottom of the gradients are indicated). 40S and 60S denote the corresponding ribosomal subunits; 80S, monosome.](gkz069fig10){#F10}

Assessment of C3P3-G1 expression system for transient mammalian cell expression in CHO-K1 and other cell types {#SEC3-7}
--------------------------------------------------------------------------------------------------------------

Expression of Firefly Luciferase by the C3P3-G1 expression system was investigated in other cell lines, including the Chinese hamster CHO-K1, the human cervix carcinoma HeLa, the human liver HepG2, and the human fibroblasts WI-38 cells. The expression levels by the C3P3-G1 system were compared to the standard CMV-driven Firefly Luciferase expression plasmid, assayed as previously described. Striking variability was observed across the cell types, with best performances of the C3P3-G1 system observed with the CHO-K1 and HepG2 cell lines ([Supplementary Figure S18](#sup1){ref-type="supplementary-material"}). The mechanisms responsible for this variability across the different cell types will be investigated in further studies.

To better investigate the performance of the C3P3-G1 system in CHO-K1 cells, which is the predominant mammalian host for therapeutic protein production, the titers of three secreted proteins, human erythropoietin (hEPO), human granulocyte-colony-stimulating factor (hG-CSF), and mouse alpha-fetoprotein (mAFP) were monitored by ELISA. Compared to the standard CMV-promoter-based nuclear expression plasmid, C3P3-G1 produced at peak 1.9- to 3.1-fold higher titers of proteins (Figure [11A](#F11){ref-type="fig"}--[C](#F11){ref-type="fig"}).

![Kinetics of expression of secreted proteins by CHO-K1 cells. Titers of (**A**) the secreted human erythropoietin (hEPO), (**B**) human granulocyte colony-stimulating factor isoform-b (hG-CSF) and, (**C**) secreted/cytoplasmic mouse alpha-fetoprotein (mAFP) released in serum-free culture medium of CHO-K1 cells were monitored by ELISA.](gkz069fig11){#F11}

DISCUSSION {#SEC4}
==========

We present the C3P3-G1 artificial expression system optimized for its uses in cultured mammalian cells. To the best of our knowledge, this is the first artificial expression system that successfully couples transcription and post-transcription, which are processes of exquisite complexity in eukaryotes. C3P3-G1 relies on a single-unit chimeric enzyme that consists of the fusion of an mRNA capping enzyme with a DNA-dependent RNA polymerase. The RNA polymerase moiety of the C3P3 enzyme transcribes *in cellulo* specific DNA templates under control of the C3P3 promoter and synthesizes RNA chains, which are subsequently capped by the capping enzyme moiety. In contrast, the polyadenylation of the C3P3 transcripts is synthesized by transcription of a polyadenosine track from the DNA templates. Therefore, once primed, the C3P3 expression system autonomously synthesizes RNA chains in the cytoplasm of the host-cell and generates the key modifications requested for their translation.

To ensure mRNA capping of C3P3-G1 transcripts, we pursued an approach that has benefited greatly from the vaccinia virus-T7RNAP expression system. This latter approach makes use of a recombinant vaccinia virus encoding the T7RNAP, while the target gene, under control of a T7 promoter, is either embedded in a plasmid or a second recombinant vaccinia virus ([@B28],[@B29]). As the vaccinia virus is an intracellular parasite that replicates exclusively in the host-cell cytoplasm, the T7-transcripts are 5′-capped and 3′polyadenylated in host-cell cytoplasm by the vaccinia virus enzymes ([@B30]). Although the amounts of mRNA made by this system are extremely high, comprising ∼30% of the total steady state RNA in the cytoplasm, only moderate amounts of T7-transcripts are properly 5′-capped ([@B30]). A plausible explanation for these findings is provided by the crowded environment of the cytoplasm, which contains a dense network of cytoskeletal filaments, therefore impeding free diffusion of large macromolecules such as proteins, DNA and mRNA ([@B61]). Due to the lack of coupling between the T7RNAP and vaccinia virus capping enzyme, the T7-transcripts are poorly 5′-processed by the vaccinia virus capping enzyme. This assumption was central for the development of the C3P3-G1 enzyme, which is preferably the fusion between the African Swine Fever Virus capping enzyme and a mutant bacteriophage K1E RNA polymerase.

In addition to ^m7^GpppN cap at their 5′-ends, virtually all eukaryotic mRNAs contain a poly(A) tail formed by template-independent addition of adenosine monophosphates residues to their 3′-terminal hydroxyl groups. The resulting 3′-poly(A) tail cooperates synergistically with the 5′-capping to stimulate translation with supra-additive potentiation, presumably by circularizing mRNA ([@B62]). In addition, poly(A) tails promote stability of the transcripts, while deadenylation is a major rate-limiting step in mRNA decay ([@B63],[@B64]). In contrast to the nuclear polyadenylation, the poly(A) tail of the C3P3-G1 is generated by the template-dependent transcription of a short 40 adenosine track from the DNA template, followed by a self-cleaving ribozyme sequence. The length of the poly(A) tail of the C3P3-G1 transcripts encoded by the templates is therefore much shorter than those of mammalian transcripts, which exit the nucleus with a uniform length of ∼250 nucleotides ([@B65]). As the length of the poly(A) tail is strongly correlated with the level of gene expression ([@B69]), the polyadenylation from the C3P3-G1 expression system can be seen as sub-optimal. Further generations of the C3P3 system will improve the polyadenylation process, possibly by tethering a poly(A) polymerase to the C3P3 transcripts.

A current imperfection of the C3P3 system consists in the incomplete translational efficiency of C3P3 transcripts, i.e. the mRNA:luminescence ratio that is lower using the C3P3-G1 system than the standard nuclear expression system. Such incomplete mRNA translational efficiency might be explained by various mechanisms. Firstly, the mRNA modifications performed by the current generation of the C3P3 system might be incomplete. Our semi-quantitative assay (Figure [4](#F4){ref-type="fig"}) suggests that the majority of mRNAs are capped by C3P3-G1. Nevertheless, even minor amounts of uncapped 5′-triphosphate RNA might induce retinoic acid-inducible protein I (RIG-I)-mediated interferon-α response and host-cell translation shut-down ([@B70],[@B71]). Interferon-α response can be also induced by the absence of cap-1 at the 5′-ends of transcripts, which is not accommodated by C3P3-G1 ([@B72]). Strikingly, no frank modifications of ribosome distribution patterns were brought into focus by polysome profiling analysis. This finding does not support the hypothesis of global inhibition of host-cell translation as expected in case of strong interferon-response, but closer investigation of content of the polysomal fractions. The length of the polyadenylation tail is also known be critical for mRNA translation and should be increased by further generations of the C3P3 system. Secondly, other post-transcriptional modifications which are not performed by C3P3-G1 might be critical for mRNA translational efficiency. For instance, the reversible N6,2′-*O*-dimethyladenosine methylation at the first encoded nucleotide adjacent to the cap was recently found to influence cellular mRNA fate ([@B73]). Alternatively, the absence of other modifications might induce the shut-down of host-cell translation, via interferon pathway or others ([@B70]). For instance, internal bases can be subjected to modifications such as pseudouridination or methylation at uridine or cytosine residues, which decrease RNA-dependent protein kinase activation in response to exogenous RNA, then phosphorylates translation initiation factor 2-α (eIF2-α) and inhibits translation ([@B74],[@B75]). Thirdly, host-cell proteins, eventually deposited onto pre-messenger RNA or mRNA, might participate in translation. For instance, the exon junction complex, which is assembled onto pre-messenger RNA at the nuclear stage, contributes to both mRNA translational efficiency and decay ([@B76],[@B77]). Fourthly, C3P3 transcripts might be inappropriately positioned in the cytoplasmic compartment for their translation by the host-cell machinery. For comparison, large cytoplasmic replicating DNA viruses, such as Poxvirus or Asfarvirus, form viral factories that sequester transcription factors, ribosomes, and chaperonins in circumscribed cytoplasmic sub-compartments. Altogether, these hypotheses will be systemically explored by deeper transcriptional and translational analysis for further improvements of the C3P3 system.

In contrast to the standard nuclear expression systems that require access to the host-cell nuclear transcriptional machinery, the C3P3-G1 system has been devised as an autonomous cytoplasmic expression system. Therefore, once expression of the C3P3 enzyme has been primed, it becomes independent of the passive diffusion of the input DNA through the nuclear pores. The diameter of their main channel, which is smaller than the classical diameter of plasmid DNA, explains their limited diffusion to the nucleus and possibly the limited efficacy of transient transfection ([@B78]). For example, only 1--10% of the plasmids transfected to cultured cells can effectively reach their nuclei as assessed by quantitative RT-PCR, Southern blot analysis, or electron microscopy ([@B79],[@B80]). Hence, the cytoplasmic processivity of the C3P3 system appears appealing for transient non-viral gene therapy, an attractive approach to deliver therapeutic nucleic acids for human therapeutics ([@B81]). Non-viral gene therapy appears much safer and less immunogenic than recombinant viruses and has the potential to deliver larger genetic payloads ([@B81]). However, its efficacy appears relatively limited, which has greatly hampered its uses ([@B82]). We therefore anticipate that the C3P3 system can be used for non-viral gene therapy, especially for disorders involving quiescent cells such as hepatocytes, skeletal muscular cells or naive immune B or T cells.

Besides its therapeutics uses, the C3P3 expression system should be also considered for its applications *in cellulo*. For instance, C3P3 expression system can be also used for transient expression studies for phenotypic screening or others. However, the artificial nature of C3P3-G1 system makes it inappropriate for investigation of host-cell transcriptional or translational regulation. In addition, the high performances of the C3P3-G1 system in CHO-K1 cells and the lack of detectable cell toxicity of the C3P3 enzyme suggest that stable C3P3 cell lines could be generated for production of recombinant proteins.

Another interesting application of this system relates to RNA virus production. Recently, Eaton *et al.* ([@B83]) have shown that C3P3-G1 system increases reovirus protein expression by 5- to 10-fold and reovirus rescue by 100-fold, in comparison to the current reverse genetics system. Reoviruses are nonpathogenic viruses that demonstrate anti-tumor activity and are being explored for cancer therapy ([@B84]). These results are therefore encouraging for using the C3P3-G1 system to produce viruses containing 5′-capped RNAs, including *Retroviridae, Rhabdoviridae, Paramyxoviridae, Filoviridae* or *Reoviridae*.

In conclusion, the C3P3-G1 artificial expression system recapitulates the key mRNA modifications required for mRNA translation, including RNA synthesis, capping, and in part polyadenylation. This system is optimized for mammals, although it can theoretically be adapted to any other eukaryotic species. The C3P3 system should be seen as a versatile system, with multiple *in cellulo* and *in vivo* applications. Importantly, the present C3P3-G1 system should be considered as an advanced prototype, which performances will be strongly improved in further generations without doubt.
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